. OFFICE OF NAVAL RESEARCH
CONTRACT N00014-94-1-0101

R&T CODE 31321075
Technical Report #28

POLYSILANE-POLY(FERROCENYLSILANE) RANDOM COPOLYMERS.
by
K. Matyjaszewski, E. Fossum, R. Rulkens, I. Manners

Published

in the

Macromolecules, 28, 401 (1995)

Carnegie Mellon University
Department of Chemistry
4400 Fifth Avenue
Pittsburgh, PA 15213

June 30, 1995°

Reproduction in whole or in part is permitted for any purpose of the United States Government

This document has been approved for public release and sale;
its distribution is unlimited.

19950630 194

DTI® QUALITY INSPECTED 8




_ - _———

) CoTTT torm approved
REPORT DOCUMENTATION PAGE OMB No 0704.0188

sem 020 SN [ JHECLION Of IMOIMALON ) SHLIMALED 10 AreTage | FOUr DEr FEIPORIL. UGN The 1ie (Of FEVIEWING IMITUCTIONS, $€ (NG CaRLING 414 WOur1 oy
W . T of 1MOrmation Send (OMMEnts 1€arding tha UrGEn EsHMAte Of 40y OLAer 11DeCT OF ta-y

LY R T -
gt Lanr.C INE 20t4 Aeeded, and (OMOIeY ANd tevee. 1he JoHection

e I o e vetcry (s Duraen 10 WarMAqION HesQUAHErs Sersuey, DW O ste 107 Inf0rmation Opersuom snd Aeoorts. 1715 Jelleran
Sen u:;n.u. Surte 1208, Arkaglon, VA 222014101, snd 10 the Oftuce Ot Monsgement and Sudget, Poperwort Reducton Progect (0704-0188). Waswagton, OC 20503

3. REPORT TYPE AND DATES COVERED

T ACENCY USE ONLY (Leave blank) | 2. REPORT DATE
June 30, 1995 Technical Report #28
S. FUNDING NUMBERS

N00014-94-1-0101

%, TITLE AND SUBTITLE
Polysilane-Poly(ferrocenylsilane) Random Copolymers.

6. AUTHOR(S)
K. Matyjaszewski, E. Fossum, R. Rulkens, 1. Manners

' {ZATION
7. PERFORMING ORGANIZATION NAME(S) AND ADORESS(ES) 8 :iﬁ‘o‘.{‘}’ﬁﬁ.ﬁ ORGANIZ
Carmnegie Mellon University
Department of Chemistry - N00014-94-1-0101
4400 Fifth Avenue

Pittsburgh, PA 15213

RESS(ES 10. SPONSORING / MONITORING
91.);Po~som~:/;\§moamc AGENCY NAME(S) AND ADDRESS(ES) SPONSORING/ MONITORIN
partment of Navy )
Office of Naval Research Technical Report #28
800 North Quincy Street

Arlington, VA 22217-5000

11. SUPPLEMENTARY NOTES

12a. OISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

13. ABSTRALT (Maximum 200 words)

Thermal polymn. of ferrocenyldimethylsilane with tetramethyltetraphenyltetracyclosilane was carried out
at various ratios of the comonomers. The exact compn. of copolymers depends on the initial ratio of
monomers. All copolymers are segmental with alternating oligo(ferrocenylsilane) and oligosilane

blocks.

14, SUBJECT TERMS 15. NUMBER OF PAGES

16. PRICE CODE

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION |20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

Standard form 298 (Rev 2-89)

NSN 7520-0°-2323-5500
S ) ” Prescribed by aNs s1d 2391€
298102




SENT BY:UNIV OF TORONTO ; 9-13-94 ; 14:20 ; DEPT OF CHEMISTRY- 4122681061:% 2/ 9

Polysilane - Poly(ferrocenylsilane) Random Copolymers

Eric Fossum and Krzysztof Matyjaszewski®

Departnent of Chemistry, Carnegie-Mellon University
4400 Fifth Avenue, Pitisburgh, Pennsylvania 15213, USA.

Ron Rulkens and Ian Manncrs®

Dépaﬂmem of Chemistry, University of Toronso
80 St. George St., Toronto, Ontario, Canada.

Polymers based on inorganic elements continue to attract considerable interest because of their
unique physical and chemical properties. Polysilancs [SiRaln represent a novel class of these materals
which exhibit o-delocalization, photosensitivity, and thermochromic behaviour.!2 Such charac_ucﬁsﬁcs
have led 10 potential applications as photoconductors and photoresists. In addition, these polymers have
also attracted attention as ceramic precursors.2 Polysilancs have been prepared via a variety of methods
including Wurtz? and dehydrogenative? coupling, anionic polymerization of masked disilenes,4 and
recently by ring-opening polymerization (ROP).>S In 1992 the synthesis of high molccular weight .
poly(ferrocenylsilanes) via the thermal ROP of sificon-bridged [1}ferrocenophanes was described.”
These macromolecules possess a main chain of alternating ferrocene and arganosilane units and exhibit a
range of interesting properties as a result of the presence of transition metals in the polymer backbone.
The synthesis of copalymers of polysilanes and poly(ferrocenylsilanes) offers the passibility of tuning
physical characteristics and of providing access to materials with unusual combinations of properties.? In
this communication we report on our attempts to thermally copolymerizé cyclic silanes and silicon-
bridged [1]ferrocenophancs.

The [1}ferrocenophane 1 polymerizes thermally at elevated temperatures in the melt to yield the
poly(ferrocenylsilanc) 2. In addition, the anionic ROP of 3 in solution has been previously reported.S
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We have now found that 3 also polymérizes thermally at 150°C to quantitatively yield
poly(methylphenylsilane) 4. Indeed, when the ROP of 3 was monitored by Differential Scanning
Calorimetry (DSC), a large broad exotherm at 150°C was detected with an onset temperature of 90°C.
Integration revealed the strain energy to be ca. 56 k¥mol-1, which is less than that determined for 1 (ca.
80 Wrool1) by similer methods.? |
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Thermal copolymerization experiments involving mixrures of 1 and 3 were. carried out in various '
. ratios (Table 1) and were performed in sealed, evacuated Pyrex tubes at 150 oC for 2 h. Under these
conditions the reaction mixture transformed from a red melt into an immobile amber colored glass.
Analysis of 5 - S¢ by YH NMR (in C¢De) confirmed that no unreacted monomer 1 or 3 remained. The
polymeric products Sa - 5¢ were isolated as pale amber powdcrs by precipitation from THF into hexancs
and possessed number average molecular weights (Mp) of 67,000 - 89,000.
Evidence that 5a - S¢ arc tue copolymers rather than blends of the two homopolymers was
provided by the use of Gel Permeation Chromatography (GPC) with an on-line photo diode array op o
detector, which allows for the simultancous observation of multiple wavelengths. GPC traces for 5a -
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Se showed two absorptions at 330 nm and 450 nm which are close to those for poly(methylphenylsilane)
and poly(ferrocenyldimethylsilane), respectively. 210 The two traces overlaped exactl)}, which indicated
that unless two homopolymers with identical molecular weights were preseﬁt, the two different
monomers were incorporated into a single copolymer. Photochemical degradation was found to be
selective for the mcthylphcnyls'ilane units, leaving the ferrocenylsilane segments intact. Thus, when
photodegradation 61" S was cammied out in THF using 340 nm UV light for 18 h, a‘GPC trace of the
products showed no absorption at 330 nm indicating the absence of polysilane segments. In addition, the’
absorption ar 450 nm for the ferrocenylsilane segments shifted to a shorter retention time (lower
molecular weight) indicating that no high polymer remained. From the molecnlar weight of the degraded
polymer it was possible to obtain the degree' of polymerization of the ferrocenylsilane segments; in all
cases this was reldtively low(DP=2-iO)butaninczcascwasdctacwdas the amount of 1 in the initial
monomer mixture was increased. The Amax for the polysiianc segments increased with an increasing
propartion of 3 in the monomer mixture, ranging from 325 nm for 5a to 333 nm for Sc. These
absorption values suggest that the polysilane segments are relatively short and do not approach the limit
corresponding to My, = 3,000 where the Apmax levels off at 338 nm.2 This data indicated that 5a - Sc are
copolymers which contain short segments of polysilane and poly(fetrocenylsilane).

’

Further structoral characterization of Sa - S¢ was providsd by 1H and 295i NMR spectroscopy. The
g NMR gpectra of 5a - Se (in CgDg) showed sharp signals for the ferrocenyldimethylsilane segments at
0.51 ppm (SiMe3), and at 4.08 and 4.48 ppm (n-CsHg) and two broad signals for methylphenylsilane
segments at -0.5 to 0.5 (Me) and 6.5 - 7.5 ppm (Ph).7:11 The intcgration ratio of the phenyl and
cyclopentadienyl regions of the 1H NMR spectra of 5 confirmed that the relative amounts of 2 and 4 in
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4

the copolymers 5 were equal to the relative amounts of the two monomers 1 and 3 in the initial mixmre
privr to polymerization. Smaller, unresolved cyclopentadienyl resonances between 3.5 and 4.4 ppm
were assigned to the ferrocenylsilane units near a juncture to a methylphenylsilane segmcnt Analysis of
5a-5¢ by 2951 NMR .(in CgD¢) showed resonances for fermocenyldimethylsilane units at -6.4 ppm, a
broad resonance for atactic methylphenylsilane segments from -37 to -40 ppm, and also revealed small
peaks for SiMe; cross over groups between the ferrocenylsilane and methylphenylsilane segments at -6.6
and at -17.3 ppm.12 The peaks arc particularly apparent in the 298i NMR spectrum of polymer S¢ which
possessed relatively short ferrocenylsilane blocks; in contrast, the resonances in the corresponding
spectrum of 5a are less intense as the ferrocenylsilane blocks are longer (Figure 1).

Cyclic voltammnictric studies of 5a - 5d in CH2(i2 showed the presence of two reversible oxidations
at Ey/2 = 0.00 V and at 0.23 V13 due to interacting iron atoms as found previously for
poly(ferrocenylsilane) homopolymers.78 An irreversible oxidation with Bj(ox) = 0.39 V was also
detected which carrcsponds to oxidation of the polysilanc scgments. 14

In snmmary; the thermal ROP of mixtures of 1 and 3 provides a route to novel polysilane -
poly(ferrocenylsilane) copolymers. It is interesting to note that these palymer structures are not available
from the ROP of oligosilane-bridged [n]ferrocenophanes (n > 1) as such species are insufficiently
strained to polymerize.B The exact composition of the copolymers was found to depend on the initial ratio
of monomers 1 and 3, but. all arc segmental in nature with alternating oligoferrocenylsilane and
oligosilane blocks. Attcmpts to extend the scope of this type of copolymerization reaction are underway
and we are also investigating the electronic and optical properties of the copolymers in detail. ‘ '
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12. We assign the 295i NMR resonances at - 17.3 and- 6.6 ppm to ...FcSiMeaFcSiMea(SiMen)4...
and .. FcSiMesFcSiMea(SiMeg)4... environmenss, respectively (Fc = Fe(n-CsHy)z).
13. Potentials arc quoted relative to the ferrocene/ferricenium couple at By = 0.00. Polymer
solutions were 1 x 10-3 M in CH,Cl, with 0.1 M [BugN][PFg] as a supporting electrolyte, The
working electrode was Pr and the reference clectrode was a sce.
' 14. Diaz, A; Miller, R.D. J. Electrochem. Soc. 1985, 132, 834.
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Table L. Thermal Copolymerization Experiments involving 1 and 3

3:1 Mn (PDI) M, (PDIR Amax(nm) Te(CO®

mol ; mol {polysilanc)
2 70:1 250,000 (1.6) 230,000 (1.9) - 33
5a 1:22 89,000 (3.5) 1,730 (L.4) 325 69
§5b 1:1 75,000 (3.1) 1,410 (1.2) 330 -
S¢ 2:1 67,000 (2.4 1,050 (1.4) 333 -
4 1:0 91,000 (3.0) - 338 -

a) M, of the remaining oligoferrocenylsilane segments after irradiation with UV light (340 nm) in THF
for 18 h.
b) Determined by DSC.
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Figure 1 295 NMR Spectra of 5a and 5c in the Ferrocenylsilane Region
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